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Abstract 
Drilled YBCO bulk materials have been reported to possess good superconducting properties owing to their large 
specific areas which promote thermal exchange and oxygen diffusion. Extrusion process can be used as an 
outstanding way to develop artificially thin-wall YBCO ceramics. YBa2Cu3O7-į single domains were successfully 
grown by using Top-Seeded Infiltration Growth from extruded Y2BaCuO5 preforms with artificial holes. They show 
a free-crack microstructure with a uniform distribution of Y2BaCuO5 inclusions. The flux mapping confirmed the 
single-domain criterion, and the critical current density was found larger than the one of the drilled material. The 
extruded ceramics were impregnated by resign/Fe-metal for reliability reinforcement.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
High temperature bulk superconductors (HTS) YBa2Cu3O7-į (Y123) are potential candidate materials 
for various applications, such as fault current limiters [1], levitated systems [2-4] or superconducting 
trapped-field magnets [5-7]. They can be also devoted to compact and efficient cryogenic motors and 
generators [8]. Nowadays, Y123 large single-domain materials can be reproducibly elaborated whatever 
the used growth process: the Top-Seeded Melt Texture Growth (TSMTG) [9] or the Top-Seeded 
Infiltration and Growth (TSIG) [10-13]. However, TSMTG has been reported to exhibit some 
disadvantages: a liquid loss during peritectic decomposition, a distortion and/or a material shrinkage up to 
25% [9], pores and cracks. TSIG process can be then used to reduce such defects in the single-domain 
sample. 
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A large-scale use of Y123 materials for potential applications is essentially limited by their poor 
mechanical reliability and low thermal conductivity [14-16]. Indeed, during high field activation, the 
Y123 bulk superconductors are fractured because of crack propagation under the induced magnetic 
pressure effect [14, 16]. Most of these cracks are originally introduced during the Y123 material 
processing because of: 
i) The low thermal conductivity (3.5 and 14 W.m-1.K-1 along the c-axis and the (a,b) planes, respectively) 
of bulk Y123 materials, which induces high thermal gradients as the sample is heated or cooled [17]. It 
results then in stresses into the material as a consequence of the different thermal expansion between the 
hot and cooler zones. 
ii) The difference in the thermal expansion coefficients between the Y2BaCuO5 (Y211) and Y123 phases, 
especially in the c-direction, which causes microcracking surrounding Y211 inclusions into the Y123 
matrix [18]. 
iii) The tetragonal to orthorhombic transition produced during the oxygenation, a required treatment to 
achieve superconducting properties. Owing to the very low oxygen diffusion, this structural change 
occurs over a reduced thickness and provokes high stresses leading to an intense regular material cracking. 
To minimize the cracking effect, thin-wall single-domain bulk samples whose geometry implies a 
regular network of holes has been recently proposed [20, 21] with the aim of increasing specific areas for 
easier thermal exchange and diminishing oxygen diffusion paths. That reduces thermal gradients, enables 
faster and better oxygenation, and offers the possibility to reinforce the superconductor materials before 
high magnetic field activation. Samples with such geometry have been reported to be suitable for 
progressive oxygenation, an efficient strategy to reduce cracks [19]. Nevertheless, the network of holes is 
mechanically machined or pressed [20, 21], and this material shaping is time consuming and crucial to 
perform without introducing cracks into the material.  
We report then the elaboration of single-domain bulk materials grown by using TSIG technique from 
Y211 preforms artificially fabricated by extrusion. This process can be routinely used to easily fabricate 
batches of Y211, which could then open new pathways towards practical applications of Y123 
superconductor at large scale. The microstructure and the composition of the extruded samples were 
investigated. The flux trapping characterization allowed to check the single-domain quality. The critical 
current density, Jc, was measured at 77 K. The extruded ceramics were reinforced by resin and Fe metal 
impregnation. 
2. Experimental procedure 
The preparation details of single-domain bulk materials by using Top-Seeded Infiltration and Growth 
(TSIG) are reported elsewhere [20].  
The Y211 thin-wall shapes developed by using the extrusion process are illustrated in Fig.1. Indeed, 
Y211 fluted (Fig.1a) and {Y211 + 0.5 wt% CeO2 + 0.25 wt% SnO2} multiple holes (Fig.1c) preforms 
with a length up to 10 cm were successfully extruded, and cylindrical pieces (Fig.1b and d) were 
thereafter cut and sintered at 900°C for 5h before to be processed by using TSIG method. The grown 
samples were annealed in flowing oxygen for 180 h at temperatures ranging from 500 to 430°C to obtain 
the superconducting properties. 
Otherwise, holes with different diameters (0.5 - 1 mm) are obtained by drilling cylindrical compacted 
pellets. Plain and drilled single domains were then grown by using TSIG method and underwent the same 
oxygen annealing as described above. The microstructure of YBCO ceramics was examined by scanning 
electron microscopy. The energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction were used to 
identify the phase composition of the samples. 
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Fig.1: A Y211 fluted preform (a) and a {Y211+0.5wt% CeO2 + 0.25 wt% SnO2} multiple holes preform (c) fabricated by extrusion. 
(b) and (d) are the pictures of the pieces cut from the respective preforms. Respective hole diameters are 3 and 2 mm. 
3. Results and discussion 
3.1. Single domain and microstructure 
Figure 2 shows the top view morphology of the extruded YBCO samples prepared by using the TSIG 
technique. This morphology visibly indicates that YBCO crystal can nucleate and grow from the seed, a 
commercial NdBCO film grown on MgO substrate by Theva Gmbh, to form a single domain with the 
vertical c-axis for the fluted (Fig. 2a) and the multiple holes (Fig. 2c) samples. A square shape with sides 
parallel to the [100] and [010] directions can be slightly recognized on top surface of the multiple holes 
sample (Fig. 2c). The growth in depth follows the [001] direction and reaches the sample bottom. One 
notices that thin walls have not disappeared or have not been even noticeably distorted during the TSIG 
processing, and the crystal growth is almost not disturbed by the presence of the holes. 
  
Fig. 2: Top view of YBCO single domains grown by using TSIG method from the fluted (a) and multiple holes (c) samples 
fabricated by extrusion. (b) and (d) respective SEM micrographs of polished surfaces parallel to the vertical c-axis of these samples.
Figure 2 also shows the SEM micrographs of mirror-polished surfaces parallel to the vertical c-axis of 
the fluted (Fig. 2b) and the multiple holes (Fig. 2d) single domains grown from the extruded preforms. It 
reveals the typical microstructure features known from melt processed bulk materials. The fine Y211 
inclusions are uniformly distributed in the Y123 matrix for both specimens. In the fluted one, two 
categories of particle size are distinguished: small (majority) and large (minority) particles with respective 
average sizes of 3 and 12 µm. These sizes are reduced to 1.5 and 6 µm for small and large particles, 
respectively, in the sample with multiple holes, due to the added CeO2 and SnO2 inclusions. For both 
samples, there is no porosity at contrast of the reported plain sample grown by using TSMTG method. 
(a,b) oxygenation cracks are seen in Fig.2b, but unexpectedly not in Fig. 2d, which is likely due to the 
decisive role of thin walls created by the multiple holes in diminishing stresses into the material. This 
may be also due to the smaller Y211 particles.
For both samples, EDS analysis indicated that the chemical composition of inclusions (bright contrast)
and of the matrix (dark contrast) corresponds to Y211 and Y123, respectively. X-rays diffraction 
diagrams showed that no other phase than Y211 and Y123 exists. This result clearly confirms that there is 
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no contamination by additives during the extrusion processing of the Y211 preforms within the limit of 
EDS and X-Ray accuracy.  
Figure 3 illustrates the morphology of the plain and drilled single-domains upon TSIG processing. The 
crystal with vertical c-axis grows from the NdBCO seed, and the square pattern indicating the growth in 
the [100] and [010] directions can be clearly seen on top of the surface of the pellets (Fig.3a and c). Such 
growth is revealed by the diagonals evidencing the [110] growth-sector boundaries. These single-domain 
features are less recognizable for the drilled block with larger holes (Fig.3b). The vertical trace on the side 
of the samples highlights that the single domain has grown along their whole height. 
Fig. 3: Top view of YBCO (a) plain and drilled (1 mm (b) and 0.5 mm (c) in diameter of holes) samples grown by TSIG.
3.2. Flux Trapping and critical current density 
After oxygen annealing, the samples were magnetized by using NdFeB disc magnet with a field of 0.4 
T. The remnant induction at the surface of the samples was then measured with a Hall probe. The scan is 
carried out at 77 K at a distance of 0.2 mm from the surface with a grid step of 0.5 mm. 
Figure 4 is the 3D representation of the magnetic flux trapping obtained for the extruded multiple holes, 
drilled and plain samples. This representation shows the single dome for all samples, which is a signature 
of a single domain and in agreement with the macrograph observations (Fig. 2c and Fig. 3). The network 
of the holes does not affect the current loops at the large scale. However, one can see that the dome of the 
drilled sample with thin holes (Fig. 4d) is divided into two peaks at its top. That is probably due to a 
parasitic grain or a microscopic crack. The trapped flux value (110 mT) of the extruded sample (Fig. 4a) 
is larger than that recorded for the plain one (Fig. 4b), corresponding to an enhancement of 37%. That can 
be explained by: i) better oxygenation promoted by shorter diffusion paths and/or less cracks and pores in 
the extruded sample, ii) stronger pinning because the hole roughness could favor the vortices penetration, 
iii) higher thermal exchange improving the cooling of the extruded sample thanks to the larger specific 
areas generated by the holes. 
Fig. 4: 3D representation obtained from the flux trapped measurements on (a) extruded multiple holes (110 mT), (b) plain (80 mT) 
and drilled (1 mm (c) (115 mT) and 0.5 mm (d) (75 mT) hole diameter) samples. 
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This value is similar to that of the drilled sample with large holes (Fig. 4c) but larger compared with 
that of the one with thin holes. The lower value of the latter is probably related to its dome divided at its 
top which affects the current loops. Finally, we think that the magnetic field (0.4 T) applied by the NdFeB 
magnet for magnetization is too low to saturate the samples. That can be deduced from the shape of the 
dome at its top part. The obtained trapped field values are rather lower than the ones previously reported. 
The magnetization process is not optimized yet, and shall be considered more like a comparison tool for 
samples characterization in the same conditions and as a proof of the single-domain nature of the sample. 
The critical current density, Jc, (Fig. 5) was determined from the magnetization measured at 77 K on 
small cubic specimens cut from the extruded and drilled samples. The larger Jc-values are for the 
extruded materials. Compared to the fluted sample, the extruded one with multiple holes exhibits lower 
Jc-values in the H > 1.5 T applied field range, but larger in the H < 1.5 T one. The higher performances in 
the latter range are probably correlated to the larger specific areas and smaller Y211 inclusions of the 
extruded sample with multiple holes. Jc reaches 2.3 x 104 and 3.6 x 104 A.cm-2 at H = 0 T for the fluted 
and the multiple holes samples, respectively, corresponding to an increasing factors of 1.5 and 2.25 
compared with the drilled sample with large holes. 
Fig. 5. The critical current density, Jc, at 77 K for the extruded samples and the drilled one with large holes.
3.3. Reinforcement of the extruded multiple holes sample  
YBCO samples with holes could be reinforced by infiltration with a low temperature melting alloy or 
resin [20]. It is reported that the resin can permeate into the bulk through micro-cracks or pores having 
openings on the surface and voids connected to them [22], which drastically enhanced the tensile strength 
from 18.4 to 77.4 MPa for YBCO materials [22]. We therefore impregnated the extruded multiple holes 
sample with resin/Fe metal (Fig. 6a). 
Fig. 5: (a) The extruded multiple holes sample impregnated by resin + 4 % wt Fe metal. (b) A hole filled with the resin. 
Fe metal could improve the magnetic properties and possess an expansion coefficient (1.2 x 10-5 K-1) 
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near to that of YBCO whilst that of resin is larger (~ 4 x 10-5 K-1), which is expected to minimize an 
eventual damage in the resin during the cooling cycles. Fe metal has also much higher thermal 
conductivity (80.2 W.m-1.K-1) and could contribute to improve the thermal exchange into the sample. The 
impregnation was carried out under vacuum to avoid any formation of gas microvoids into the resin. The
infiltration of the resin into the holes is homogeneous and provides a good interface between the YBCO 
ceramics and the resin (Fig. 6b). The magnetic flux mapping showed a single dome, evidencing the 
single-domain feature of the sample is kept after impregnation. 
4. Conclusion 
The extrusion process is attractive for a large-scale use of YBCO materials with thin walls, since 
complex shapes of Y211 materials with artificial holes can be rapidly produced in meter length. Large 
single domains were successfully grown from the extruded performs by using the Top-Seeded Infiltration 
and Growth technique. A microstructure free of crack and with features similar to the classical materials 
is obtained. The trapped field mapping confirmed the single domain criterion and indicates that the 
trapping capability of the extruded sample is similar to that of the drilled one. But the Jc-values (3.6 x 104
A.cm-2 at H = 0 T) are notably higher compared with the drilled sample, which shows that further 
optimization of the process is needed for the macroscopic properties to reflect the microscopic ones. The 
extruded sample with multiple holes was impregnated by a mixture of resin + 4.2% Fe metal for 
mechanical reliability reinforcement. The investigations of mechanical properties are underway.  
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